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Galvanic Replacement Reaction on Metal Films: A One-Step 
Approach to Create Nanoporous Surfaces for Catalysis** 


By Vipul Bansal, Harit Jani, Johan Du Plessis, Peter J. Coloe, and Suresh K. Bhargava* 


Porous materials are of great interest because of their inter- 
esting structural, optical and surface properties, leading to a 
wide range of applications"?! Among the various properties 
of porous materials, their high specific surface area, low den- 
sity, and cost-effectiveness are particularly notable and make 
them attractive candidates for catalysis,! sensing"! and actua- 
tion! applications. Nanoporous particles in particular are at- 
tractive candidates for these applications, because of their 
higher surface-to-volume ratio in comparison with bulk coun- 
terparts. There have been numerous efforts towards the solu- 
tion-based synthesis of porous and hollow metal nanoparti- 
cles,'*!"l however their applicability is limited as the assembly 
of individual nanoparticles present in solution is still a major 
challenge. There have also pert hoes efforts towards the 
creation of porosity in thin films"! Most of the efforts in this 
direction have been limited to the de-alloying process, in 
which one of the components of an alloy is selectively dis- 
solved using an acid, leaving behind a porous network/chan- 
nel of the more noble metal component.'!!7! However, the 
acid-mediated de-alloying process requires the cumbersome 
task of alloy formation and has limited applicability to those 
metal alloy systems wherein both of the metal components 
dissolve into the de-alloying solution (acid). This therefore ne- 
cessitates the use of a different approach for the creation of 
porosity in supported metal thin films and/or metal foils, 
which can be universally applied to all the metallic systems. 

Recently, galvanic replacement reactions (transmetallation 
reactions) involving sacrificial metal nanoparticles and suit- 
able metal ions have been employed by various groups'!*'®! 
for the synthesis of hollow/porous metal!'*"! and metal al- 
loy"'>l nanostructures in aqueous!'*"7! and organic environ- 
ments."*] Galvanic replacement reactions are single-step reac- 
tions that utilize the differences in the standard electrode 
potentials of various elements, leading to deposition of the 
more noble element and dissolution of the less noble compo- 
nent. The electroless nature of galvanic replacement reactions 
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provides them the unique and significant advantage of sim- 
plicity. Very recently, the potential of galvanic replacement 
reactions was also explored for the epitaxial growth of thin 
films.!'! 

In this study, we have investigated the scope of galvanic re- 
placement reactions as a versatile tool for the creation of 
nanoscale porosity in metal foils as a representative of bulk 
metal surfaces. More specifically, the reaction of Cu* ions with 
nickel foil results in a Cu-Ni nanoporous surface. The Cu-Ni 
nanoporous material has been characterized by using various 
microscopy tools including scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and Auger 
microscopy in addition to X-ray diffraction (XRD) and X-ray 
photoemission spectroscopy (XPS) analysis. Recognizing that 
such nanoporous surfaces would have a significantly enhanced 
surface area and surface defect sites relative to their solid 
counterparts, we show that these nanoporous surfaces are ex- 
cellent candidates for catalysis applications. The applicability 
of highly porous Cu on nickel foil has been demonstrated in 
the catalytic wet air oxidation (CWAO) of ferulic acid (4-hy- 
droxy-3-methoxycinnamic acid), a model organic compound 
obtained by the degradation of lignin in pulp mill effluents.°! 
Ferulic acid contains the guaiacol moiety prominent in both 
hardwood and softwood lignin as well as a propenyl substitu- 
ent similar to that found in various linkages between lignin 
constituents, which are extremely difficult to oxidize under 
ambient conditions and pose a major threat to water reser- 
voirs.?!! Our studies indicate that a nanoporous Cu-Ni catalyst 
is able to oxidize ferulic acid under significantly milder condi- 
tions than conventional wet air oxidation processes. 

The Cu-Ni nanocatalyst prepared using transmetallation re- 
action was analyzed using SEM. Figure 1A shows the repre- 
sentative SEM image recorded from nickel foil before its 
reaction with Cu’* ions. The SEM image clearly indicates a 


relatively flat surface of the nickel foil used to prepare the cat- 
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Figure 1. SEM images showing the surface of the nickel foil A) before, 
and B) after its reaction with Cu”* ions for 30 min. 
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alyst for this study (Fig. 1A). Figure 1B shows a representa- 
tive SEM image of the nickel surface after its reaction with 
Cu** ions for 30 min. It is evident from the SEM images 
(Fig. 1) that the reaction of nickel metal with Cu’* ions results 
in a network-like highly porous nickel surface as a result of 
the kinetically favorable replacement reaction between Ni” 
and Cu**. Galvanic replacement reactions operate on the ba- 
sis of differences in the standard reduction potential of the 
systems under investigation. Since the standard reduction po- 
tential of the Cu”*/Cu pair (+0.34 V wrt. standard hydrogen 
electrode (SHE)) is higher than that of the Ni?*/Ni pair 
(-0.25 V wrt. SHE), nickel membrane in aqueous solution can 
be oxidized by CuCl, according to the following replacement 
reaction: 


Nig’ + Cu” (aq) -> Cu)” + Ni** (aq) 


The oxidation of Ni’) into Ni** (aq) ions leads to its leaching 
in the surrounding aqueous environment and elemental cop- 
per (Cu°) is simultaneously produced, which is deposited onto 
nickel foil. In the current system of interest (Cu-Ni), where 
displacing and sacrificing metals manifest equal oxidation 
states (2:2), the odds to obtain a layer that perfectly repro- 
duces the substrate morphology are substantially higher. Ap- 
parently, we should ideally expect to obtain an ideal layer-by- 
layer replacement growth of Cu on Ni"! In our view, such 
growth does take place to a large extent in these experiments. 
However, a departure from ideality is expected owing to the 
atomic size difference between the deposited and sacrificial 
metal, the roughness of the Ni foil used as a sacrificial metal, 
and also because of the fact that stoichiometric redox ex- 
change is initialized mainly on the flat terraces (it is easier to 
replace an atom from a terrace site than from a step and/or 
kink site).”7! Following these discussions, it is highly possible 
that the galvanic replacement reaction on rough nickel foil 
would lead to the deposition of elemental Cu at various nucle- 
ation sites in the form of nanoparticles. Moreover, the contin- 
uous diffusion of Cu’* as well as Ni** ions during the reaction 
would eventually lead to deeply inherited nanoporous Cu 
structures on the sacrificial Ni surface until the nickel tem- 
plate is completely consumed. 

In order to understand the implications of the transmetalla- 
tion reaction in the Cu-Ni system and to further determine 
the level of porosity achieved, the Cu-Ni foil obtained after 
the transmetallation reaction was subjected to ultrasonication 
in water for 1 h and the solution obtained thereafter was sub- 
jected to TEM measurements. Figure 2 shows representative 
TEM images of the Cu-Ni hybrid structures separated from 
the nickel foil during ultrasonication. The TEM images clearly 
indicate the formation of sievelike porous structures as a re- 
sult of the transmetallation reaction (Fig. 2A and B). 

The higher magnification TEM image (inset Fig. 2B) clearly 
indicates the formation of honeycomb structures with pores 
and particles ranging in sub-5 nm size regime. We believe that 
in principle, atomic-scale porosity can be achieved using 
transmetallation reaction since these reactions progress at 
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Figure 2. TEM images showing the Cu-Ni nanocatalyst surface after 4 h 
of galvanic replacement reaction. The inset in (B) shows the honeycomb 
structures observed during the higher-magnification imaging. 


such scales; however, it is beyond the resolution limit of the 
instrument used here for analysis. High resolution TEM (HR- 
TEM) measurements on these samples are under investiga- 
tion, and should provide a detailed understanding of the un- 
derlying phenomenon. In addition, it also appears from these 
honeycomb structures that the porosity is not limited to the 
surface but is deeply inherited, making the nickel foil highly 
porous and hence significantly enhancing the overall porosity. 

Important information about the transmetallation process 
can be obtained by recording the changes in the surface fea- 
tures of the Cu-Ni system during a time-dependent transme- 
tallation reaction experiment. Figure 3 shows the representa- 
tive SEM images of Cu-Ni system obtained after reaction of 
nickel foil with Cu** ions for 30 min (A and B), 1 h (C and 
D), 2 h (E and F), 4 h (G and H), and 8 h (I and J), respec- 
tively. It is clear from the SEM images that nickel foil be- 
comes highly rough and porous after reaction with Cu** for 
30 min (Fig. 3A and B) when compared to its surface before 
reaction (Fig. 1A). As the reaction proceeds, the Cu” ions be- 
gin to penetrate through the preformed pores, leading to hol- 
low/porous ball-like structures within 1 h (Fig. 3C), which on 
higher magnification appear to consist of flakes (Fig. 3D). 
When the reaction between nickel foil and Cu** ions is contin- 
ued for 2h, the Cu’* ions begin to react with preformed 
flakes, leading to formation of rosettelike structures after 2 h 
of reaction (Fig. 3E and F). On further exposure to Cu”* ions 
until 4 h, these rosette structures break apart into smaller per- 
forated balls (Fig. 3G and H). These micrometer-sized balls 
further break open in 8h, leading to overlaying flat Cu-Ni 
networks consisting of nanowires- and nanoribbon-like struc- 
tures (Fig. 31 and J). Although, SEM imaging only records the 
changes in surface morphology of nickel foil during the trans- 
metallation reaction, from the time-dependent SEM analysis 
it appears that the underlying layers of nickel foil are continu- 
ously exposed to fresh Cu™* ions, leading to the creation of en- 
hanced porosity, the enhancement of the surface area, and the 
deposition of more Cu in the nickel foil (Fig. 3A—J). This is 
also evident by cross-sectional SEM imaging of Ni foil ob- 
tained by transmetallation reaction with Cu’* ions for 4h, 
which in fact suggests that deeply inherited nanoporous struc- 
tures can be created using transmetallation reactions (Sup- 
porting Information, Fig. $1). Thus, SEM imaging suggests a 
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Figure 3. SEM images showing the Cu-Ni nanocatalyst surface after 
A,B) 30 min, C,D) 1 h, E,F) 2 h, G,H) 4 h, and I,J) 8 h of galvanic replace- 
ment reaction. Scale bars in first and second columns correspond to 
5 um and 1 um, respectively. 


remarkable ability to tune the bulk surfaces by the proposed 
galvanic replacement approach. 

In order to determine the nature of metal phases formed 
during galvanic replacement reaction as well as reveal any 
Cu-Ni synergism, the nickel foil was subjected to XRD mea- 
surements before (curve 1, Fig. 4) and after the transmetalla- 
tion reaction (curve 2, Fig. 4). The XRD pattern of nickel foil 
(curve 1) shows the presence of well-defined Bragg reflec- 
tions, which could be indexed based on the structure of metal- 
lic nickel.?3! After the transmetallation reaction with Cu** 
ions (curve 2), additional Bragg reflections were observed 
that could be collectively assigned to copper oxide and nickel 
oxide./4! In addition, a shift in the Ni peaks towards lower 20 
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Figure 4. XRD patterns obtained from Ni foil before (curve 1) and after 
(curve 2) its transmetallation reaction with Cu** ions. 


values was observed. The fact that both Ni and Cu have fcc 
structures with very similar lattice parameters of 3.51 and 
3.66 A [Ni: 20 = 44.5°, 51.8°, and 76.4°; Cu: 20 = 44.3°, 50.4°, 
and 74.1°] makes it difficult to assign the peaks unequivocally 
to Cu/Ni, however after the transmetallation reaction a shift 
in Ni peaks towards Cu was observed, which indicates the for- 
mation of Cu nanoparticles. Additionally, peak broadening 
was also observed, which indicates the formation of nanocrys- 
talline copper/copper oxide as a result of the transmetallation 
reaction. Although transmetallation of Ni with Cu?" ions is ex- 
pected to create metallic Cu in the vicinity of nickel foil, the 
possibility of the further oxidation of copper in an aqueous 
environment, leading to the formation of porous copper oxide 
nanostructures embedded in Ni foil, can not be ignored. 

The catalyst surface plays the key role in the catalytic reac- 
tions, and the composition of the surface may not be the same 
as the bulk catalytic system used in this study. Therefore the 
chemical surface analysis of Cu-Ni catalyst used in this study 
was performed using XPS, which is a highly surface sensitive 
technique (Fig. 5). Figure 5A shows the Ni 2p3,. XPS spectra 
before (curve 1) and after (curve 2) the galvanic replacement 
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Figure 5. XPS spectra showing A) Ni2p3,2 core levels in Ni foil before 
(curve 1) and after (curve 2) the galvanic replacement reaction. 
B) Cu2p3/2 core levels in Cu-Ni catalyst before (curve 1) and after CWAO 
process (curve 2). The satellite peaks in the above spectra have been in- 
dicated by arrow marks. 
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reaction with Cu’* ions. Before the 
transmetallation reaction, the Ni 2p 
core level spectrum shows two major 
2p3/;2 components at ca. 852.9 eV and 
856.5 eV, which can be assigned to Ni° 
and NiO respectively (curve 1, 
Fig. 5A).”°! The simultaneous presence 
of Ni and NiO components indicates 
the partial oxidation of Ni foil surface 
on its exposure to air. Apart from these 
two components, a weak satellite peak 
towards higher BE was also observed in 
the unreacted Ni sample (curve 1, 
Fig. 5A). On the other hand, after expo- 
sure of nickel foil to Cu’* ions, we ob- 
served that the Ni’ peak vanished com- 
pletely with the development of a more 
pronounced NiO peak, indicating that 
Ni surface has oxidized to NiO during 
transmetallation in the aqueous envi- 
ronment (curve 2, Fig. 5A). The XPS 
results correlate well with the XRD 
data, which also show the presence of 
NiO peaks (curve 2, Fig. 4). Addition- 
ally, it should be noted that the shake- 
up satellites in the Ni 2p3,. XPS spec- 
trum become more intense after the re- 
placement reaction (compare curve 
2 and curve 1in Fig. 5A). Since the 
shake-up satellites are mainly 3d — 4s 
transitions which are forbidden in met- 
als but present in transition metal ox- 
ides, the oxidation of Ni to NiO in- 
creases the intensity of these 
satellites.) 

When the Cu-Ni sample obtained 
after the transmetallation reaction was scanned for Cu2p3, 
core levels, a strong BE component at ca. 932.3 eV along with 
a shoulder towards higher BE was observed (curve 1, 
Fig. 5B). The main component at ca. 932.3 eV corresponds to 
Cu®, while the presence of the weak shoulder towards higher 
BE at ca. 934.5 eV indicates that some Cu° was oxidized to 
CuO in aqueous solution during the transmetallation reac- 
tion.”°! The presence of Cu° further supports our TEM 
(Fig. 2), SEM (Fig. 3), and XRD (Fig. 4) observations, where- 
in Cu nanoparticles formed during the replacement reaction 
were found to be deeply embedded in nickel foil. 

Once the formation of Cu nanoparticles in Ni foil was es- 
tablished by XRD and XPS measurements, SEM coupled with 
Auger imaging and Auger electron spectroscopy (AES) were 
performed on the Cu-Ni surface to further understand the dis- 
tribution of Cu particles on the surface of Ni foil (Fig. 6). The 
inset in Figure 6D shows the AES spectrum of the surface of 
Cu-Ni catalyst, showing Cu LMM and Ni NLL Auger peaks at 
916 eV and 844 eV kinetic energies (K.E.) respectively, which 
were employed for Auger imaging. 
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Figure 6. Auger microscopy data on Cu-Ni nanocatalyst surface showing A-C) 
D-F) higher-magnification images while scanned for SEM imaging (A and D), Cu LMM signal 
(B and E) and Ni LMM signal (C and F), respectively. The inset in D shows the AES spectrum ob- 
tained from Cu-Ni surface. 


lower- and 


In Auger imaging, hot colors, such as bright and red colors, 
represent a high concentration of the examined elements (Cu 
and Ni in this case) while cold colors, such as green and cyan, 
represent a low concentration of the examined elements. By 
inspection of the lower- (Fig. 6B and C) and higher-magnifica- 
tion (Fig. 6E and F) Auger images of Cu-Ni sample, it can be 
seen that though Cu and Ni are reasonably well-distributed 
throughout the sample, the Auger images of Cu (Fig. 6B and 
E) show more brighter spots/clusters (red and yellow colors) 
than those of Ni (Fig. 6C and F). This indicates that the etch- 
ing of the sacrificial Ni surface initially begins uniformly on 
the Ni foil, however as the transmetallation reaction proceeds 
with time, more defect sites are created, which assist in further 
facile effusion of the oxidized Ni’* ions from these sites and 
hence result in further nucleation of Cu nanoparticles closer 
to those sites. These speculations are supported by previous 
high-resolution TEM measurements in Au-Ag_ systems, 
wherein Shukla and co-workers highlighted the important 
role that defect sites and twin boundaries can play during 
transmetallation reactions. It is important to note that 
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chemical mapping in Cu-Ni system in order to un- 
derstand the distribution of Cu and Ni local phases 
using TEM coupled with EDS (energy-dispersive 
X-ray spectroscopy) and/or EELS (electron ener- 
gy-loss spectroscopy) were not particularly advan- 
tageous, because of significant overlap of Cu and 
Ni spectral lines during EDS?" and EELS.?7 Ad- 
ditionally, the contamination of Cu signals arising 
from Cu TEM grids further complicates the imag- 
ing of Cu phases in Cu-Ni system. Therefore, AES 
microscopy was performed to understand the dis- 
tribution of Cu and Ni phases in Cu-Ni system. 


TOC Removal (%) 


The understanding of the Cu-Ni interactions 0 


supported by the SEM, TEM, XRD, XPS, and 
AES results motivated us to explore the catalytic 
activity of the highly porous Cu-Ni heterogeneous 
nanocomposite in CWAO of ferulic acid, a model 
lignin compound found in waste from paper and 
pulp mill effluents. Lignin and related compounds 
are known to be extremely difficult to oxidize, 
especially under mild temperature and pressure conditions, 
and pose a major threat to water reservoirs.”!! We observed 
that the Cu-Ni nanocatalyst could oxidize more than 45 % of 
ferulic acid at 100 °C within 15 min, while the Ni foil could 
oxidize only 12 % of ferulic acid within the same period 
(Fig. 7A). In order to compare the Cu-Ni catalyst formed by 
the transmetallation reaction with the conventional Cu-based 
catalysts, high surface area catalysts (Cu-Alumina and Cu- 
Kaolin) were synthesized using ion-impregnation method.*! 
As is evident from Figure 7A, Cu-Kaolin and Cu-Alumina 
synthesized by conventional methods show much lesser oxida- 
tive activity (11 % and 32 % respectively in 15 min) in com- 
parison with a Cu-Ni catalyst synthesized by the galvanic re- 
placement method (45 % in 15 min). The higher oxidative 
activity of the Cu-Ni nanocatalyst can be attributed to the 
atomic-level porosity and the high number of defect sites in 
the Cu-Ni catalyst generated as a result of replacement reac- 
tion. 

It is interesting to note that after 1 h of reaction, the oxida- 
tive activity of the Cu-Ni catalyst was stabilized at 55 %. Simi- 
larly, the activity of the Cu-Alumina catalyst also stabilizes at 
the same level after longer exposure time. The stabilization of 
the catalytic oxidation of ferulic acid beyond this point, even 
after longer hours of exposure to the catalyst (2 h) at 100 °C, 
can be attributed to the formation of low-molecular-weight 
acids and other degradation products during the CWAO pro- 
cess that are known to be extremely resistant to CWAO under 
the conditions used in this study.?°*"! Our preliminary results 
with Fourier-transform infrared spectroscopy (FT-IR) and gas 
chromatography-mass spectroscopy (GC-MS) indicate the 
formation of similar compounds including formic acid, 
2-methoxy-4-vinylphenol and vanillin, which are generally 
known to require considerably harsher conditions for catalytic 
oxidation (Scheme 1).!7"! 

One of the important parameters in determining the feasi- 
bility of metal-based catalysts for the oxidation of industrial 
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Figure 7. A) Total organic carbon (TOC) data showing the efficiency of various Cu- 
based catalysts for removal of organic carbon during CWAO of ferulic acid. B) ICP-MS 
data showing Cu leaching from various catalysts during CWAO of ferulic acid for 2 h. 
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Scheme 1. Reaction scheme showing different products formed during 
CWAO of ferulic acid using Cu-Ni catalyst. 


organic wastes is the amount of metal that is leached out dur- 
ing CWAO of organic wastes. This is becoming increasingly 
important due to the metal toxicity threats to our ecosystems. 
Moreover, the fact that the Cu-based catalysts are known to 
leach significantly during the CWAO process makes it even 
more important to minimize Cu leaching during CWAO"!) 
Interestingly, ICP-MS results show that only 10 ppm of Cu is 
leached even after 2 h of CWAO, and the amount of Ni lea- 
ched was negligible (Fig. 7B). On the other hand, Cu-alumina 
and Cu-kaolin catalysts prepared by conventional methods 
show higher Cu leaching of 37 ppm and 17 ppm, respectively, 
during CWAO of ferulic acid. The significant reduction in Cu 
leaching in the case of Cu-Ni catalyst might be due to the gal- 
vanic replacement method employed to prepare the Cu-Ni 
catalyst used in this study. During the galvanic replacement 
reaction, the Cu’* ions replace Ni atoms from the nickel foil 
and Cu atoms simultaneously get chemically embedded into 
nickel foil, which might reduce Cu leaching. It is also possible 
that only certain crystallographic planes of Cu and certain de- 
fect sites are exposed and, hence, result in reduced leaching. 
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Though few studies in the literature deal with role of various 
crystallographic planes in different catalysis applications, 
to our knowledge, there is no such study in CWAO process. A 
detailed understanding of the Cu leaching process can be ob- 
tained by similar studies. Our future efforts in this direction 
would involve an in-depth understanding of defect sites and 
crystallographic parameters and their role in CWAO of ferulic 
acid. Additionally, in order to verify the role of leached out 
Cu in CWAO of ferulic acid, 10 ppm of homogeneous Cu 
(CuCl,) was used for CWAO of ferulic acid, which shows a 
much lower oxidation activity (Fig. 7A). 

In this Communication, we have proposed a simple and 
generalized protocol for the creation of nanoscale porosity in 
bulk surfaces. The transmetallation (galvanic replacement) re- 
action based approach has been demonstrated to create a 
highly porous and active Cu-Ni heterogeneous catalyst. The 
applicability of the Cu-Ni nanocatalyst has been shown in 
terms of the degradation of ferulic acid, a model lignin com- 
pound found in pulp and paper mill effluents. It is particularly 
gratifying that the Cu-Ni nanocatalyst is active under moder- 
ate CWAO conditions, with significant reduction in metal 
leaching during oxidation. The simple concept of transmetal- 
lation reactions can be further utilized to tailor-design highly 
porous and active surfaces for catalysis and sensing applica- 
tions. The vast commercial implications of transmetallation 
reactions for the large-scale synthesis of functional nanomate- 
rials can not be overemphasized. 


Experimental 


Nickel foil (1 x 4 cm?) was placed in a dialysis bag (12 kDa cut-off) 
containing 20 mL of deionized water (Milli-Q, Elix 3) and dialyzed 
against 100 mL of CuCl, (1 Mm) under constant stirring at room temper- 
ature for various time intervals (30 min, 1 h, 2 h, 4 h, and 8 h). The 
nickel foils obtained after galvanic replacement reactions were thor- 
oughly washed with deionized water and dried under nitrogen. The 
confinement of nickel foil in the dialysis bag assisted in the controlled 
inward movement of Cu”* ions to react slowly with nickel foil, as well 
as simultaneous outward movement of leached Ni** ions. Nickel foils 
before and after the reaction with Cu’* ions for various time intervals 
(30 min, 1 h, 2 h, 4 h, and 8 h) were observed by SEM. SEM measure- 
ments were performed on a Philips XL30 SEM instrument operated 
at an accelerating voltage of 30 kV. For TEM measurements, nickel 
foil obtained after 4 h of galvanic replacement reaction was ultrasoni- 
cated in 5 mL of water for 1h. Samples for TEM analysis were 
prepared by drop-coating the sonicated solutions on carbon-coated 
copper grids. TEM measurements were performed using a JEOL 
1010 TEM instrument operated at an accelerated voltage of 100 kV. 
XRD measurements of nickel foil before and after reaction with Cu’* 
ions were carried out on a Bruker D8 Advance XRD instrument op- 
erated at a voltage of 50 kV and a current of 35 mA with Cu Ka radia- 
tion. XPS measurements of Ni foil before and after reaction with Cu’* 
ions as well as after reaction of the Cu-Ni catalyst with ferulic acid for 
2 h were carried out on a VG MicroTech ESCA 310F instrument at a 
pressure better than 1 x 10° Torr (1 Torr = 1.333 x 10° Pa). The gen- 
eral scan and C 1s, Ni 2p, and Cu 2p core level spectra for the respec- 
tive samples were recorded with un-monochromatized Mg Ka radia- 
tion (photon energy = 1253.6 eV) at a pass energy of 20 eV and 
electron takeoff angle (angle between electron emission direction and 
surface plane) of 90°. The core level binding energies (BEs) were 
aligned with the adventitious carbon binding energy of 285 eV. 
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In a typical catalysis experiment, 4 cm? of nickel foil before and 
after reaction with Cu** ions was used as catalyst at a pH range of 
4-5. The high pressure and high temperature batch autoclave reactor 
was purchased from Parr Autoclaves, USA. All the catalysis experi- 
ments were carried out with 400 mL ferulic acid solution (1000 ppm) 
in a 1.2 L autoclave with a glass liner inside the reactor in order to 
avoid the leaching and contamination from the metal reactor wall. 
The stirring speed was constant (800 rpm) for all the experiments. 
Oxygen was introduced to the reactor after heating the ferulic acid to 
100 °C in a nitrogen environment. The oxygen partial pressure input 
at ambient temperature was kept constant at 25 psi (1 psi = 6.895 x 
10° Pa) for all experiments, which corresponds to 42 psi total pressure 
at 100 °C. The total organic carbon (TOC) concentration after the 
CWAO process was analyzed using an O.I. Analytical Model 
1010 (USA) total carbon analyzer. TOC analysis of the oxidized prod- 
uct was performed in order to determine the amount of organic car- 
bon remaining in solution after the CWAO process. The amount of 
Cu leaching during the CWAO process was determined using induc- 
tively coupled plasma-mass spectroscopy (ICP-MS) measurements. 
ICP-MS measurements were performed using HP4500 series 300, 
ShieldTorch System ICP-MS instrument. The supported Cu-Ni nano- 
catalyst prepared in this study by the galvanic replacement reaction 
was compared with conventional high surface area copper based cata- 
lysts as well as homogeneous Cu** ions. The conventional heteroge- 
neous catalysts used in this study (Cu-Alumina and Cu-Kaolin) were 
prepared by ion-impregnation method, as described in our previous 
studies [28]. CuCl, was used as the homogeneous catalyst for CWAO 
studies. The catalysts used in control reactions were also analyzed 
using TOC and ICP-MS studies and compared with the Cu-Ni catalyst 
prepared by the transmetallation reaction. 
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